The transition metal-catalyzed Grignard cross-coupling reaction is a powerful and widely used method for the construction of carbon-carbon bonds [1] . Although a variety of palladium or nickel-based catalysts are particularly effective for the cross-coupling of alkenyl or aryl halides, recent reports on the use of alkyl halides, especially those with -hydrogen atoms, as substrates suggests iron catalysis has potential in this field [2, 3] . In comparison with established palladium or nickel-based systems, iron-based catalysts offer a cost efficient, safe and more environmentally benign approach, and the capacity to suppress undesirable -hydride eliminations.
To date, a variety of iron-based catalysts have been developed for the cross-coupling of an aryl Grignard reagent with primary or secondary alky halides bearing -hydrogens.
For example, well-defined iron complexes, such as the iron (II) tetrakisferrate complex [4] , iron(III) salen complexes [5] , iron(II) or iron(III) imine complexes [6] and iron(III) amine-bis(phenolate) complexes [7] , have shown good crosscoupling activity. In addition, although Fe(acac) 3 (acac = acetylacetonate) can catalyze this cross-coupling reaction [8] , amine additives are necessary to achieve higher yields of the cross-coupled product [9] . Notably, FeCl 3 can be used effectively in the presence of appropriate additives, such as amines [9] [10] [11] , phosphines, phosphites, arsines and carbene precursors [12] . Although the direct use of FeCl 3 generally suffers from limitations such as high hygroscopicity of FeCl 3 and the variable yield according to the purity and commercial source of FeCl 3 [13] , this method appears particularly attractive because of the simplicity and low cost of the metal salt combined with the high efficiency of the catalytic system. Consequently, this method represents a very powerful approach, if these limitations can be overcome [9, 11] .
Two reports describing the use of FeCl 3 have appeared in the literature. Cahiez et al. [9] discovered that hygroscopic FeCl 3 could be easily modified into a hydrophobic and airstable iron(III) complex [(FeCl 3 ) 2 (tmeda) 3 ] (tmeda = N,N,N′,N′-tetramethylethylenediamine) by direct reaction of FeCl 3 with tmeda in a 2 : 3 molar ratio. Moreover, this complex showed significantly better activity than a stoichiometric mixture of FeCl 3 and tmeda [10, 11] 4 ] has high activity for the aryl Grignard cross-coupling of alkyl halides, and is a recyclable catalyst. It is also found to be a very efficient catalyst for other organic transformations, such as Friedel-Crafts sulfonylation of aromatics [15] , dimerization of 2,5-norbornadiene [16] , and glycolysis of poly(ethylene terephthalate) [17] . However, there may be issues with handling and structural definition of the liquid state of this ionic iron(III) complex. In view of this, an alternative easy-to-use, well-defined iron-based catalyst is highly desirable.
Modification of transition metal-based catalysts with imidazolium cations has attracted increasing attention [18] . The use of imidazolium salts as more environmentally benign alternatives to traditional ligands, such as amines and phosphines, provides many advantages over traditional systems in terms of stability, activity, reusability, and low toxicity of the modified catalysts. Thus, imidazolium salts are promising candidates for optimizing synthetic efficiency and addressing green sustainability issues [19] .
As a continuation of our work on the development of iron-based catalysts for carbon-carbon bond formation [20] , here we report the modification of anhydrous 
Experimental
Since anhydrous FeCl 3 , FeCl 3 ·6H 2 O and 1,3-bis(2,6-diisopropylphenyl)imidazolium chloride ([DIPrim]Cl) are hydrophilic, all manipulations were performed under pure argon with rigorous exclusion of air and moisture using standard Schlenk techniques.
Materials
Solvents were distilled from Na/benzophenone ketyl under pure argon prior to use. Anhydrous FeCl 3 , FeCl 3 ·6H 2 O and organic reagents used for the cross-coupling reactions were purchased from Acros Organics (Geel, Belgium), SigmaAldrich (St. Louis, MO), and Alfa Aesar (Ward Hill, MA). Phenylmagnesium bromide was diluted prior to use. [DIPrim]Cl was prepared by an established method [21] . (ii) Typical cross-coupling procedure. A Schlenk tube was charged with the iron(III)-based catalyst (0.01 mmol), alkyl bromide (1.00 mmol), diethyl ether (0.8 mL) and a stirring bar. 4-Methylphenylmagnesium bromide (1.50 mmol, 1.07 mol/L solution in diethyl ether) was added to this solution at 30°C. The resulting solution turned black, and was then stirred for 20 min in an oil bath at 30°C. After the reaction was quenched by adding dilute hydrochloric acid (1 mol/L, 0.5 mL), the mixture was extracted with ethyl acetate (3 × 4 mL). The yield of the desired product is determined by GC analysis, using n-hexadecane as an internal standard.
Synthesis

Analyses
Carbon, hydrogen and nitrogen analyses were performed by direct combustion with a Carlo-Erba EA-1110 (Carlo-Erba Instruments, Milan, Italy). The Raman spectra were recorded on a LabRAM HR800 spectrometer (ESI-MS) data were recorded on a 6220 Accurate-Mass TOF LC/MS instrument (Agilent, Santa Clara, CA). Gas chromatographic (GC) analysis was performed on a Varian CP-3800 instrument (Varian, Palo Alto, CA) equipped with a flame ionization detector and a OV-101 capillary column (30 m × 0.32 mm I.D., 0.10 m, Analytical Technology, Collegeville, PA). The oven temperature was held at 80°C for 2 min, increased to 280°C at 10°C/min, and held for 2 min.
Results and discussion
Synthesis and characterization of [DIPrim][FeCl 4 ]
As shown in Scheme 1, the target imidazolium salt of iron (III) [  species, which is evident in the Raman spectrum [22, 23] . Figure 1 
Catalysis with [DIPrim][FeCl 4 ]
To assess the catalytic activity of [DIPrim] [FeCl 4 ] and related iron(III)-based salts, the reaction outlined in eq. (1) was selected, as it represents a prototype cross-coupling of aryl Grignard reagents with alkyl halides bearing -hydrogens [20] .
(1)
Based on the conditions developed by Gaertner for the [BMim][FeCl 4 ]-catalyzed cross-coupling reaction between
aromatic Grignard reagents and alkyl halides [14] , a set of experiments were tested to optimize the reaction conditions. Some reported conditions were found to work effectively, including the use of Et 2 O as solvent, the addition of the Grignard reagent in one portion, and a 1.5 : 1 molar ratio of the Grignard reagent and the alkyl halide. The present crosscoupling reaction can be performed successfully at elevated temperatures with reduced catalyst loading.
When entry 1) . However, increasing the reaction temperature led to a lower yield (75%) even when the catalyst amount-of-substance fraction was increased to 2 mol% (Table 1, entry 6). Interestingly, the reaction proceeded smoothly without an inert atmosphere, and there was no obvious difference between an air atmosphere and the use of pure argon ( 7, 8) . This is in agreement with the general idea that a sterically bulky ligand can facilitate the reductive elimination to form the desired coupling products and regenerate the catalytic active species [21] . Furthermore, the catalytic performance of [DIPrim] [FeCl 4 ] was compared with other related iron(III)-based catalysts reported in the literature. As seen in Table 1 , amount-of-substance fractions of 3 mol%-5 mol% for iron(III) are usually required to achieve satisfactory yields of the reaction in eq. (1) [5, 8, 9] . Therefore, the present results suggest that [DIPrim] [FeCl 4 ] is a novel efficient catalyst for the cross-coupling reaction of aryl Grignard reagents with alkyl halides bearing -hydrogens. To study the generality of this process preliminary substrate screening was performed and the results are summarized in Table 2 . Similar to cyclohexyl bromide, both cyclohexyl iodide and chloride were found to be suitable for the cross-coupling. However, the isolated yields of the desired products were slightly lower ( Table 2 , entries 2 and 3). The general trend for cyclohexyl halides reactivity appeared to be Br>I>Cl. This is the same pattern as that previously reported with the Fe-salen systems [5] , FeCl 3 /phosphine systems [12] and [BMim] [FeCl 4 ] [14] . Noticeably lower activity was observed if cyclohexyl bromide was replaced by its seven-ring or five-ring analogs ( Table 2 , entries 4 and 5), and yields of only 56% and 64% for the desired product were obtained even when the catalyst amount-of-substance fraction was increased to 2%. Primary and open chain secondary alkyl bromides could be coupled effectively ( Table 2 , entries 6-8), whereas the corresponding chloride was less reactive and gave the desired product in 32% yield with a catalyst amount-of-substance fraction of 2% at an elevated temperature (Table 2, entry 9). Furthermore, the cross-coupling was also applicable to a range of Grignard reagents (Table 2 , entries 1,10-14), and an electron-rich aryl Grignard reagent was found to react rapidly to give the desired product [12] .
Recyclability of [DIPrim][FeCl 4 ]
Recyclability of [DIPrim] [FeCl 4 ] was examined by the optimized coupling of 4-methylphenylmagnesium bromide and cyclohexyl bromide with 3% (amount-of-substance fraction) of [DIPrim] [FeCl 4 ]. After the reaction was complete, the upper ether layer containing the product was decanted and the catalyst was left in the black sediment, which was washed twice with 0.5 mL of diethyl ether. The sediment containing [DIPrim] [FeCl 4 ] could be reused in at least four successive runs for the model reaction.
As shown in Table 3 , the conversion of cyclohexyl bromide went essentially to completion. However, the isolated yield of the desired coupling product gradually decreased from 90% in the initial run to 78% after the fifth run. This may be attributed to the loss of the catalyst during the decanting and extraction steps.
Conclusions
In conclusion, an efficient, easy to synthesize and handle, recyclable iron ( 
